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The question of tie state of water in living tissues is one
of t ; Dhanda.-ental problems of biology. Dependent on what state the
;,ater ir tissues is founa in arc th- approacnes to tie solution of
.,.ny ir.portant problems of physiology, such as the transport of
substances in the cell, transmission of energy, problems of permea-
bility, etc.

There are two basic concepts about the state of witer in tissues.
4 ccoraing to oae first cokicept the main part of water within the cell
is assumed "free" and in essence in the same state within and out-
side of the cell., and only a small part of the intracellular viater
is "bound" due to hydration and differs in its properties from ord-
inary water. According to the second concept water, ions, and
biopolymers within the cell form a highly regulated unique system.
This system has the properties of a lattice in which the water
component -'unameontally differs ii. structure and properties from
ordinary liquid water.

The present ;york is dovoted to a direct experimental study of
tne state of water in living plant and animal tissues by the metnod
of nuclear magnetic resonance (spin echo).

"" Ya - ,, nuclear magnetic resonance.

,aterials and 1,1ethods

study vwas made of the time of spin-spin relaxation (T,), spin-
lattice relaxation (T ), and coofficiant of self-diffusion (DI' of
;.'at(er in solutions an( gels of proteins and in living plant and
.a...,l tissues. Investigations were made of bovine serum albumin

" Firm, London), egg albumin (obtained by threefold reprecip-
i;4.tion of a;=ionium sulfate), the liver and gastrocneamus muscle
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rel-ax-ation .,-s ;ieusulrud by -, ti lod Ljf .4 iar-; aco *-1-1,Th

.P1ant tis;Uos talo 1Ifmluence o:. - roton- 01".: o; j , run:
atlion e;s iinlatoci by T,.a1 -,'et--40d Of al ;Uutovsk l1I 7.
The ~Zoof sp)in-latti-1ce rela.xution w.os eaosureci Qiz~lor by t:10
9 900 iOO ietaiod of -Hahn or vwita t11ae hoip) of thoW Z-aru-me thod OIL
V a-rrurceil /-1. CocffIcient or sulf-diffusion was :..ca"sureu by

tac:.eth~uof an-..csner~/ana Gaosh and inhzt i~.zccracy
of 1-easure.,int wcaj T1 ±t 7>, T2 ±l0 0; b1) The temp,-erature Of tao1;1

srciesdu,.-ririeu.sur -ient was mLmL-tained wiLth the hel of a
of ltratiormaostwat ',-- uith an accuracy of 4- 10. The time

give tooertur tojeter a, -n the tiime spent for
-.easurexnent equaled 40-50 minutes.

Re. uJts and Dis.-ussion

,is our Investigations showed, measurable coef1-z-cienzs of self-
dif.-fusion of water in various plant and animal tissues ae:-,e.nd
strongly on tne time of0 observation (i.e., on the tie2 '7 between
the first applied radio-frcquency pulso and the echo), wich -In our
experiments chanGed from 20 to 80 mns. iccordinS to -iouso)ner L
such a dependonce is observed in taie dresence or barriers wanich
.lmit the diffusion of water, i~e., during diffusion iac s not

in an infinite reservoir. In this case tihe averA.g.e displacement
of iaolecules in tixae of observation 2Z: wvill be Less tnun in uan in-
finite reservoir, and tVhe neasurable coeffic.ient of Solf-diffusion
D*;- with a definite 2TZ will ue tine function of d.isplacemont, t ra-
versed by a m-.olecule of wiato-r iLn an -:ifinit-, roservoir -uriJn g- i
2Zr p and thne function of average distance to ti bariers. If One
were to take tine time otf observation as lessor Luiid less;or so t~a
th-e average displacement aicn a moulecule g~oes tar ug auingt
time of observation ecesmuchi less thian tilo average-o c .Istancke. to
the barriera-, i.e., so t.1Aat fewer ancx fewer of theo d moo,-,les xei
ence tiie influence of tine barriers,, then at 2'Z--t0 tile melasurable
coeffi cient of self -dif .'us ion D-.. will strive for the tr-uu vliu of
the coeffici-'ent of self-dirfusion in a m;-edium. o'iich is Incjosod
between the barriers. Tile drawing sniows th-e d,',neeeo t~
measurable coefficient of self-diffusion D-,. on t.he 2Z for roodts
of beans and tine liver of a frogr.

T-,he distance between limitinC, barriers, evaluate:d frorm o ur
expderimental c&-ta for various tissues, turned out to oe on, an jrc-er
of tens of microns. Such limiting; barriers for animL"' tis'sue.s ma .y
be plasmalemma,. and for plant tissues - plasraewlemma and L~ .-)
degree tonoplast. Consequently it can be ass~umed That taio coef-
ficients of self -dif'usion of water cited in Table 1 for variou,.s

2.
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,C,)cndo, nce of :easurable coefficient of self-diffusion (D-'-) on the
c:f 3bsc!rvation (2-) for roots of beans (1) and for frog liver29at 2.5oc.

-:o7 ( a) 2 -", l-s.

. c r, seen fron Table 1, .;-e coefficients of s&lf-diffusion of
; Zo' r ; , p l a n t c lls i s s o m ;n a t a i he r t . a n f o r a n i m , w h i c h i s

- . ,'r' y exdlai.nea by rno developm ent of a vacuole in plant cells,
,,a of ..- ich, accordin to tne data from a number of authors

can r each 30-50o of tne internal volume of the cells.

Since ;..o coefficient of self-diffusion D in tie protoplasm
of ni,;ia culls is all told . -l.S times less than in plant cells,

iz a arut. tilit the coefficient of self-diffus on of water in
.roto ,lasm of ,)lant cells will be on a value of tae same order,
.. .: n o.ns tL t the coefficients of self-diffusion water In

* j'toplas (DI) and vacuoles (D2) are sufficiently close. T. ,refort,

:n 2' there is no averaGinC of the coefficient of self-diffusion
of '-ter for tho vacuole and protoplasm, then the amplit 'e of tao
ecno is tae sum of the two exponents
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rotoA~sas..; - ..Mplitudo o -_nal at r-ote vacaol.; yw of
gyro :'2netic ratio; G - gradient of _Iagnetic field; 2J - -
observation; D1 - coefficient of self-diffusion of' vatCr i. Groo-

plasm; D2 - coefficient of self-dlffusion of w ter in avacuoi.

Table 1

_zjerii~ental and calculated values D, T1 ,2 , and v for solutions
of proteins and various living tissues

D.. lob

flI,.w.rn..v.,;. J 1  '0 --

V- 2
Ei4~i~, Cb~iIO~1O 1 .': 1;I2'b-a- 6'y',:;~:, 20,0 1 ,Oj I1 j 510 - I 0,065

.6':\:;m, rc.6 20,0 1, .'0 400
J_ .:1,.11 Kv;Yp)'3W 10,5 2,o U6 250 1 62-1,GO 0,32

S11ky1i ' 7,8 3 U- -1- -

A, ¢., Co6oa ] 9,5 1 Ito 10 300 1 .6-1,20 0."2
.Z' Nopli a y K',K)ypy U', 1,76 133 6S5 1,49-1,12 0,12

L o;. i ,5 1, 47 6S 1 .50 0,14
, , ~ea~.u .ry.~:I~ 2,2 ,1 1,02 4 "70 1,02 0,20

Concentr-tioh of dry suost ce, >o by weight.

Amount of"hydrato water in I g of I20 per I g ol' dry substance.

.Koy: (a) D • 101 in a cell, cm2 s_ l,; (b) Tp .slO ; (c) Tl,

ms ± lQJ; (d) D • i05 in pritolasin, cm2 /s; (j) .,ater; (f) 5 gg
albu. n; (G) Jovine serum album.in, solution; (h) zovine svrur al-
bumin, ";el; (i) i.aize leaves; (J) Cytoplasm knd (+) vacular sap
from .aize leaves; (k) Leaves of boans; (1) Roots of maize;
(.a) Gastrocnemius musclo of frr,; (n) Liver of frog

Thanks to tne fact t:iat values D and J2 are close, all t-e sa:ae
the average coefficient of self-diffiua-on of water vill be measured
J167. Since the v.lue of coefficient of self-diffusion of water
o Ctae cyto2lasm and vacular s~p from the cells of maize leaves (w -ore
averaging of tne coefficient of self-diffusion taies place deliber-
ately) is very close based on the value of the coefficient of self-
diffusion in intact calls of maize leaves (Ta bl, 1), one can considor

4.



.ur- : ubole cocfficient o-' self-diffusion is ;:x. average-
coe'Ifici.nt of - of ro .i vjcuole.

S.f... .; fro n% ,:i~t '.:a- s above and acce.tin:- t.iat t.ec
coc cf'.Ci' of Aoo-jion of water in vacuoles at 2 &° is U=ual

o '.- • 0- ° cr.s (i.e., ro tile coefficient of sclf-ciffusi o of
-r -,aer) anu vo l. voiuo of vacuole comprisos Q-c of tie

rnal voi ui of cells, calculations were made of the coefficionts
of sclf-diffusion of water in the protoplasm of plant cells. Ii4se
"r ,.rosentod in Taole 1. it turned out t.t he coLfiicieits of

lf-diffuzion of water in the protoplasm of bota ani.r l ana plant
cells are only l.-3-2.4 times lower than in pure w ater and are com-
parable ;:'it: the coefficients of self-diffusion of water in solutions
and )-uls of proteins. Thus, for a 191o solution of egg albumin the
coefficiont of self-diffusion of water is 1.5 times lower than in
.,pur, Water.

-at are the possible causes of a lowering of t o Ooefficieit

of self-diffusion of water in solutions and :els of proteins and in
.rotoplasm?

According to .aang 1167, in solutions of protein the self-diffu-
sion of water is less than in pure water for two reasons.

1. -roteLn .olecules ziave a by far greater volume and by far
Less self-diffusion than molecules of water. These large ana aL'nost
__..obIle protein molecule-.aicrooarriers prevent the movement of a
olcule of :ter, i.e., molecules of water in the vicinity of pro-
zein Lr.olccules should diffuse along a longer path in order to appear
on ce oae- side of a molecule of protein. Therefore the coefficient
of self-dilasion of water in solutions of protein will be less than
in .Jure w.ter.

2. 2'ze second c,,use, uecreasing the coefficient of self-diffu-
sion jf w.ater in )rotLcn soluti.ons, is the hydratIon of proteins,

vu; j.nce hydration, according to Samoylov I'V7, can be 6otii positive
nd negative, i.e., the struct .re of water in the Lxinediate vicinlty

of protein molecules can oe strengthened and broken down, then uue
zo ..Yaration znere is also t:ae dossibility of a lessening of t.e
coofficiont of self-diffusion of wazer depending on which nydration
redominates.

• ccording to 4ang ~~-7, the coefficient of self-diffusio.i vf
w:tcr in solutioos of macromolecules equals

D D,, 1j - '

- coefficient of self-diffusion of pure water;. a.- dimensionless
'm -rical coefficient, changing from 1.5 to 3 depending on the Xo'rn

5-.



of t:z.u .ro-tu o Icue vo u-: uo~. t r i )iti i~t, o ccu.,) ud b; y ac

Cuy- t,)ol roontocuLo; v. -cn ataino ~ w.o'

'or a 10.6;,a solution or oar (Table -..) zo )Ufic. nz
o~f sl f-dif.-*,.-s ion o' wvator :) duo to alCaUSOj 11.
2.4 *loc/ for pura ivz.ta.r to -L.07 * 10-D i~~ ~ ~ I
tae z-'rcct of7 ~Aicrooarriers, trie coefficient of sel;f -diffu-- o:
be roduced fro;ai 2.4 - 1U-5 to 2.02 - 10-0 cn 2 /s, aj~uc2 (
Of Ie#.s of riydria;tion would be ruduced from 2.4 * 10- to 2.,65 1 cn 2 s

TablL; 2

Coofficients of self-dii'fusion of '.'t~in tiolu-,ons of-L ego U~
(exp;erimental values and values calcul. ted witri consideration 0of
varilous efl'ects)

DI value o4 coeffic-len-t of solf-diffusion in a solution if
the cli-n e in diff'usion aouia Loe duc only to tiu Q.ffe',ct of :micro-

barrio:,s.
-)I coofficient of sal:'-diffusion of water In 4 soluT;ion If

t he cha n e .;ould be due only to ti ofT'cct o,, Aiydrzat 6.on.

* :)asou cn the data of .'ar; p7-

Le -e'd: (a) c:7 2 /s; (b) 'a-or; (c) zga1oumin, 10.6oj solution;
(d'j a lbii inl, 19>.. solutIon; (a) alburmin, 9.1;0' soiut~.on.

.... us a 'bory s.Izificuint ,irt of tno loei;of tne oefin
of salf-di.ffus--on in protein solutions is conditionud by tnea effCL
of ,iicrobares ana only a small 5 ,ria-byto 1c o yir.r.

i.n cxactly trke same 'r~inncr as inl tre c--so of' 5olutions c
.. r 0t d in, triu effect of -dcrooarriurs fu.- t.ie Prot op1,.s..,i of .n
an~j.al cells snould be sinil-cunt, s.nce I.n tate coll Is foun;,d
~ilt.,tudu of Ialcrosco, o anu su,,b.--icroscvpic r:tin -coo. ;s
the nucleus, rnitocriondria, microsomes, endolplas,.-.Acrotcet,
an-d .so dissolved macromolecules, wa!cii will exert an iitn
act..vn on theo solf-dcLfuslon of mole~cules of water. Cc:-.,yonants f
cyto2elasm, basod on adroxim~te CaIcul~ tIOfl 3tea-di; :ro.a trio d Ata

of V.'ld'man and Ao-un Zlj7, for plant calls occupy .3; of tnie volume

6.
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t~ -; I2 t "Is..1 Z_ z Z. I, a, I o0r* u"3

-D L; O.n ofJ w.att.;r in' k;, -(;zo.s c~ oC;~

_S:.ic .)un n 'n or-o 02' lle due rCSi QOtction ol t.u;.Cm-
of t,.o or,--aeIles as lir.itin] barriers, cven wit;.16 com.l.o a

;w lowvior~n of t~io coeffz.-art of self-diffusi!on of viater 4n
"'~oU,.; to flvaration snoulci be quite small, anu tiio coe ffic -

3' stf -d-*f:'.sion of water i.n ;:,roto,)las. reflect inly tmn
2:.~ru ~ n t. ~ ,.,!oals= of calls of vu:.--us tIss

~ ~.e c:~c~tincdby rt.e nu.ib3.r and quality of m'icroscop~ic and
~.~orosco)Urtlcles.

_zfollo-s f'ro~a wnat has been said thiat thie self -diff"ucio.- o)f
.. ~or o;.;~n r'crobarriars is very close to tne-i value of self-diffu-

~sis zon conditions of' translation mover.,int in a 9)ura oud
-,'-y ou;.u -c of ls-oeua ubs tanc s I areC Zuox~n y

str-uct~ra o-' t_.e; -Lquid §17, 20, oi7. :,; ereforu Z... value of tn
lau' : lf-difi'asion of vtczer n :oeau etvwoon .- I cro-

L. .rotein sol-ution or in ~ "~ools s a cn-ar44cter-Ist-c
oft. sr~ctreof i-.ater of t~smvdium. Consequently, on th-e basis

of conclusion -.ida "oove tlat, t.ne coeffici'ent of self -d.AIfusion
of .-. e &ve iroure In iprot-oplasmn In close to th;,e c~f

SclIf-diffus.-,on of s)u:r -w.ater at a given tempo;ratura, it Is
~os:~o~c to assume t-at tiesrcueof water of' a nyalo !asmi

very, close to t;1 structu-re of )ul-c wa.ter.

tx-2t o~inr I.cS c Co.d ti 0.10a :y tine -a b, it of cul us Qf
.'C' t j&o rt infori~rc c bonds anci oy t:. coetr of.,i

~ xz . tc:7.;c.-it.'reo W i.C2ro not too n.,n t; w sr, tre
c'at'zo~~zczaroaaedrai cco-!ih..e s..P, In

... cnare ezi.tidliy L) Yw moe1 le of ate.
,j c o the ou,,ennesf of tiesmwelt translation mv..n

0 ower t~S C 0 ily tUroU41-.n its c'.VIties ar.a
o3 S' n-_cnt 'ranuondzation tilan in lL i S wta

~ac It is Tnecessary to testatto0..~ srcue
_ S.sud onlly In t..e scnso of s.nort-ran,,o orcierlnesr., 1.0.,

~~crl~ess w i s spread out for s.-ort distances rona ertaln
LU c-uax :7clecule. since tn,"Ors':,l m~ovement constantly disru.,As tie

~ o muuald~position of molocul'es which i's '&ormed u to
---arc -n ooGncs.
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6asod oni tr'e data ol' LouL;Iau, -'irz~i -,ixu nno o §7L.
!%aey: (a) ,;bzect air ---vest4ai; (b) -,C/zo;(c) .. e;

(f)~oaco zosicvirs,&>solution; (-) ZLe-ves ol' ~~z;(h)

."Oots Of rr~iZa; (i) .-~o, liver.

-.ar--.. cf2:_"-sion a :;..olucul ;f ;zo 1..3 if~c
2o o;o .~o~ of Oquir ':1 to 1t-iar or-.iu o f to

~- lf'oe~ > sti~;Of ~a~r tis :iccos-, 1". t u' & vc' c
ba fo;-.-cd .-.'nro a :~lc~~coa;la -crss LI1 5 ti

oc6or' to bre._c t.,o bon- s .:t suaxoosz ?u
Sstion of c ulo~u.~ Ui: L ao to t., o on' tat.r

;~ z~ aif ~.so, s carvied out .."I ~ - oQ osr~t.u
ti en ;Ie.o~ zftould -~s~ a- r,.;.erc;y olk c.. x t -i ;zn
s o nri I2y for bre;akcln-ri_ .;. bon'dL; f~t. r0~~os 1~uf

o ~ ~ ~ C. 00'-6103:wioro brcs y'oi i~lr uzc.) b;.2.c
L& ::. cu>. of' ;ater - ,'-eu zo roAter s..ab a~ 0~~ f.1' o

_c v uo of su2f-diffusi'on f' J.io *.. vr~my Of Lcvt.~
o 2Xs'or of' .-ater c.:., Au~ s a k.~o cr o iio
~ aoL~u r cioc1-UUS( o1f '.ondIS ,01or. 'irn to U Ofuae :;..c'

'~.~tu c.~:,je r Zi to i;.2 Cal/; -Ole Z2 "7

"Lb'l 3 siiows t.*;e valais of O':ACr'j Of act'lvatlon of l
slon of watar inl cells of var-lous tiJssuAes a:'cr .ltl:s

tz~a . ,s :.,n be aeon, t;,ase v~lues &.re s'f~l l~~ to
u:or:~of L-c:vatIA'on of ure wa;zter.

.ocrori~r~Is close to tnie coefflc ,..t of I-~~o~



* ~ ~ ~~~o- uo ;..L-L , of~: s) j 1vt~ f: ~i- i 1 iu t. .- r n.iL

(>1C.L Z2 f 'o s aL;0 Z G, . .. rnZ;aZ
0- j n.. 1, xL t )rC..LLv ti L,

a "vzcidy of n~.; to ., rotein SOLz....onm wt~.as 5
LX .-,t =.i Sou -ois u- o., -a -Ai. ... r S r-

-~ ~. ranary;~or .ake~L vary s;.a21-.,art of alz. ;-e
olaio and. _s ii~&'x;~c s d.rect;"y !nt02Lactlnjwit. .

* ,rotvao olf roiaxation zinc is conditi'oned by t. e exi.szen;ca
of Cr ctio.-,s of w;..cr, differi,-, ; in L.c.eir c~i t, ( ctons

of da-rctly intcraCtin : Lat.-. -rotein Lnd tao _' ct.ons Of re-
a aer v~ac..do :.oz in~e a tn;e r jrojart-,us "'" 're

t 2~ by ra9-_' CXC:.ar4,'e 0y ..,Olecua.s of'.'tr u r~n .

-. ) ... .. S '.U3 tvwvr cunesu f.-actions. :)t) a'r-Our-I of
~ ~r(-i: croc t2y wit:. ,jrotelr. (:-.ydrate) c.-a. .,od depend'l.

O al ozl052o Of t._10 U.Iti-ra swrU~Ct VVOOf prten Sl.rioieCular

~.tansacnd t:.a ru2.axatiori of A tnA~s water are ca).4:ected
~ .'~t..t... ::~ve::of orfractions of tne :3rotein o.ecI

Lt.a;v to r 0 an . e

52.tu.. ti' 0/L - 1V..i~ s;a a~o />?. and:

~ U t......~ 2tO: r%..Iaxttaon "n t*sues ;.s a;or.-
by~ t~ xsu. rc~n fwzr eh a trent

~ c.~~ i .t..~n:'rctons~ ons ler;ab 1
a: _n z~t.. _ld ato s :.ars..cbe ob-

-_C U;SurV~cl a VCi LZ 1or L.. at of. t> 02~ 0o;ec.
! 2'- Ofou~ o:: w.r a fi2:'; a-A .. ta

sy :oac...#. c ~a 3 r -_rotons ft;r-.o ':c,;ions o.'

'. ncsre.r 0' : C.a~: :_1 1; 0 t.. Zau:iin. Cy

~~~~l Z:5 .YijOjia_;. ;:.Z :Ar -z fe:ron -.. oze ~
W...c.;', tn.ikoz re t.-.o t;.me 0.' :'4A&_ i~l C...n 04) ~.con~.i .~ :
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where Tla and 2'a - ti 0' O'tOn '"0 t2on of 3.A:<jn 020 inary

w.ter; .ra - snare of ordinary ,ater (fraction a); " -

Vater, d i ffern strongly in _,,s .:iobila.y ana ': nation c- raczer-
istics from orainary water (fraction 0); Tlb and tb - _.,ias of
proton relaxation of wavter of fraction b. By usinj this concept a
calculation was ;iade, just as in work /247, of the a:ioun; of water
which differed shaar.p from ordinary water in its r.iooiiy, it
turned out tiiat the amount of such water, relative to a gr;a of dry
substance (resulting data are cited Ln Tabla 1), is not r and
in all ajpearance this is water which is directly interacting vrit:
dissolved ,iacromolecules and non-aqueous components of organelle.

.p, arently not only in hyaloplasm but also in tf.a organelles t;er
cannot be - considerable snare of water wnidn differs in Its p)rop-
erties from ordirary water.

in this work main attention was given to the state of water
in the hyaloplasm, and especially to tae ",rount of ;,%ater in the cell
which differs strongly in its ,ropertLes from ordinary water. ae
did not touch individually on the problem of zile state of water in
rnicroscopic and submicroscopic structures of Lne cell and on the
mobility of water- in tese structures, tae volu;me of wziicI, as was
pointed out tbove, may make up a consiaorably share of the volume
of .rotoplasm. These jroblems together witn the concrete meci.anisms,
determining the rol, of hydrate water, tne role of hydration level
of t.ne cell for maintaining the structure and functional condition
of nacromolecules and .Uicroscopic and submicroscodic structures of
tine cell and the cell as a whole, are the subject for future inves-
t AI &t ions .

C onclusions

I. Coofficients of self-diffusion nave oeen ootalned for v.ater
in cells of various live tissues.

2. The relatively low values for the coefficient of self-
diffusion of w:ater in tne protop.lasm of cells of various tissues in
comparison wita pure water kre conditioned :iainly by the effect of
microbarriers and only to an insignificant degree by tho effect of
hydra- ion.

1.-W energy of activation of self-diffusion of water in a
cell is close to tne energy of aczivation of self-diffusion of our,
Wator.
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4. ~.e ~c-'eof itr n ftyaIoplasm is veri close (or taheI
s.e zo t.,e- ;ror of ordifnary ino 2r vitrc.

* .. ;:;s aU-,' of tae. .-%.ter in v;-.rious tissues
Tr .5 K -y';n its ~ rmordinary tv r.

-2-.a -t:wors wou,-ld like to xrcstzix doe thanks to 04. 40
;SU for Luidarice in t.-e vior..
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